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ABSTRACT Vibrio cholerae represents both an environmental pathogen and a widely distributed microbial species comprised of
closelyrelatedstrainsoccurringinthetropicaltotemperatecoastaloceanacrosstheglobe(ColwellRR,Science274:2025–2031,
1996;GrifﬁthDC,Kelly-HopeLA,MillerMA,Am.J.Trop.Med.Hyg.75:973–977,2006;ReidlJ,KloseKE,FEMSMicrobiol.Rev.
26:125–139,2002).However,althoughthisimpliesdispersalandgrowthacrossdiverseenvironmentalconditions,howlocally
successfulpopulationsassemblefromapossiblyglobalgenepool,relativelyunhinderedbygeographicboundaries,remains
poorly understood. Here, we show that environmental Vibrio cholerae possesses two, largely distinct gene pools: one is vertically
inheritedandgloballywellmixed,andtheotherislocalandrapidlytransferredacrossspeciesboundariestogenerateanen-
demicpopulationstructure.WhilephylogeographicanalysisofisolatescollectedfromBangladeshandtheU.S.eastcoastsug-
gestedstrongpanmixisforprotein-codinggenes,therewasgeographicstructureinintegrons,whicharetheonlygenomicis-
lands present in all strains of V. cholerae (Chun J, et al., Proc. Natl. Acad. Sci. U. S. A. 106:15442–15447, 2009) and are capable of
acquiringandexpressingmobilegenecassettes.Geographicdifferentiationinintegronsarisesfromhighgeneturnover,with
acquisitionfromalocallycooccurringsisterspeciesbeinguptotwiceaslikelyasexchangewithconspeciﬁcbutgeographically
distant V. cholerae populations.
IMPORTANCE Functionalpredictionsofintegrongenesshowthepredominanceofsecondarymetabolismandcellsurfacemodiﬁ-
cation,whichisconsistentwitharoleincompetitionandpredationdefense.Wesuggestthattheintegrongenepool’sdistinct-
nessandtempoofsharingareadaptiveinallowingrapidconversionofgenomestoreﬂectlocalecologicalconstraints.Because
theintegronisfrequentlythemainelementdifferentiatingclinicalstrains(ChunJ,etal.,Proc.Natl.Acad.Sci.U.S.A.106:
15442–15447,2009)anditsrecombinogenicactivityisdirectlystimulatedbyenvironmentalstresses(GuerinE,etal.,Science
324:1034,2009),theseobservationsarerelevantforlocalemergenceandsubsequentdispersal.
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V
ibrio cholerae is in many ways representative of globally suc-
cessful bacterial species. However, its widespread occurrence
isofadditionalconcernsinceitharborsstrainsresponsibleforthe
diarrheal disease cholera, and environmental reservoirs play an
important role in the evolution and transmission of pathogenic
variants (1, 2). How local populations assemble from the V. chol-
erae “pangenome” (3, 4)—the sum of all genes in the species—is
therefore a central question in linking the overall ecology of the
species to understanding the emergence, spread, and persistence
of local, sometimes pathogenic variants. Comparison of several
V. cholerae genomes has shown that isolates typically share 98 to
100%nucleotideidentityinthe1,520geneswhicharecommonto
the species (5). However, these “core” genes make up only 60 to
80%ofthetotalwithinanyonestrain,andwitheverynewgenome
that is not part of a known pandemic clonal complex, 100 to 400
new genes are discovered (5, 6). Like in many other bacterial
groups,muchofthisvariationisconﬁnedtogenomicislands(the
“ﬂexible” genome) whose turnover can be astonishingly high and
is largely responsible for the vast, currently immeasurable pange-
nomeofeachspecies.Atthesametime,therapidspreadofpatho-
genic V. cholerae strains exempliﬁes the potential for global pop-
ulation mixing on decadal time scales by both natural (e.g.,
currents and attachment to larger organisms) and artiﬁcial (e.g.,
ship ballast) avenues. Indeed, local origin followed by global
spreadappearstohavehappenedrepeatedlyinpathogenicV.chol-
erae (1, 7). Thus, while fast gene turnover in genomic islands has
thepotentialtoproducelocaldifferentiation,globalmixingacross
the ocean increases the rates of gene ﬂow and blurs boundaries
between populations by allowing access to a large reservoir of
geneticmaterial.Howtheseopposingforcesofgeneturnoverand
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ulations in the context of V. cholerae’s
global occurrence remains an open ques-
tion.
RESULTS AND DISCUSSION
Totestforpopulationstructure,wecom-
pared relatedness in both the core and
ﬂexible genome among V. cholerae iso-
lates from two sites separated by over
12,000 km, the Dhaka Delta in Bangla-
desh (BGD) and Oyster Pond, a brackish
pond in Cape Cod, MA, on the east coast
of the United States (USA). We further
included a novel sister species, which we
discovered to cooccur in Oyster Pond.
Prior to this study, this novel species was
knownfromasingleisolateforwhichthe
genome had been sequenced and which
was provisionally named Vibrio metecus
(8).Itservesasacrucialoutgroup,sinceit
enablesustoestimatetowhatextentcore
and ﬂexible gene pools are speciﬁc for
V. cholerae or are affected by admixture
from outside the species. Despite being
V. cholerae’s closest relative, V. metecus is
a clearly genetically distinct species and
shares95%sequenceidentityinhouse-
keepinggeneswithitssistertaxon(Fig.1;
Table 1). Interestingly, clinical isolates
that were previously considered atypical
V. cholerae are here identiﬁed as V. mete-
cus. Clinical strains of V. cholerae and
V. metecus are, however, excluded from a
direct comparison of gene pools to avoid
bias,whichmayarisebecausepopulation
dynamics of clinical strains are inﬂu-
enced by epidemiological factors (e.g.,
transmission dynamics, clonal expan-
sions during epidemics, and travel with
patients) and selective pressures from
drugs.Nonetheless,previousstudieshave
shown that the potential for gene ﬂow
amongenvironmentalandclinicalstrains
exists, likely when the latter are released
into natural waters (9). Our comparison
of three environmental populations,
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FIG1 PhylogeneticrelationshipsamongclinicalandenvironmentalV.cholerae,V.metecus,andother
Vibrionaceaestrains.MaximumlikelihoodphylogenybasedontheconcatenatedDNAsequencesofsix
protein-coding genes (mdh, adk, pgi, gyrB, recA, and rpoB). Bootstrap support values are displayed on
thenodes.Isolatesarecolorcodedaccordingtospeciesandorigins.Unlessotherwisenoted,allV.chol-
erae strains are non-O1/non-O139.
TABLE 1 DNA sequence identity across six housekeeping loci for all V. cholerae and V. metecus isolates from Bangladesh (BGD) and the United
States (USA)
% DNA sequence identity
Isolates compared Avg SD Minimum Maximum
V. cholerae (BGD) V. cholerae (BGD) 98.9 0.4 98.3 100.0
V. cholerae (USA) V. cholerae (USA) 99.0 0.3 98.3 100.0
V. cholerae (USA) V. cholerae (BGD) 98.8 0.3 98.2 99.3
V. metecus (USA) V. metecus (USA) 97.9 0.6 96.5 99.6
V. metecus (USA) V. cholerae (BGD) 93.0 0.4 91.9 94.3
V. metecus (USA) V. cholerae (USA) 93.0 0.4 92.2 94.0
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group. These are considered representative, as they were selected
to maximize the genetic diversity in the analyses. Here we opera-
tionally deﬁne a population as isolates that are closely related ge-
netically (96 to 100% average nucleotide sequence identity at
housekeeping protein-coding loci) and originate from locations
that are geographically close (same estuary, delta, or pond).
Comparison of representative core genes shows that there is
little biogeographic structure in V. cholerae and that it is nearly
completelygeneticallyisolatedfromitssisterspecies.BothV.chol-
erae populations (USA and BGD) displayed no variation in 16S
rRNA gene sequences, and average DNA sequence identity in
protein-coding genes was the same for within- and between-
locality comparisons (~99%). The phylogenetic trees of six core
protein-codinggenesshowonlymoderate,statisticallynonsignif-
icant clustering of V. cholerae isolates from the same geographical
location (Fig. 2A). In four out of the six genes, 40% of all re-
solved tree quartets, built by joining pairs of cooccurring isolates
from each location, show clustering of the BGD and USA isolates
(Fig. 2B). This value is surprisingly close to a perfect admixture
scenario,inwhichthisproportionisexpectedtobe~50%,assum-
ing equal probability of exchanging genes with members of the
different populations, and thus contradicts biogeographic differ-
entiation. Only recA, which is highly recombinogenic, supports
strongbiogeographicdifferentiation,suggestingthattheextent
of genetic isolation differs according to the frequency of ho-
mologous recombination. The same analysis between the two
cooccurringsisterspeciesshowsthatforallsixalleles,97%of
the quartets support the species partition. This apparently
strong global mixing of V. cholerae’s core genome is in good
agreementwithweakpopulationstructureinthecosmopolitan
marine bacterium Alteromonas macleodii (10) but differs from
hot spring Archaea, which are geographically isolated (11, 12).
Thus, while recombination between cooccurring bacteria may
temporarily increase similarity in part of their core genomes,
population isolation in the ocean does not appear to persist
long enough to create a signiﬁcant phylogeographic signal
across the genome. This is especially surprising for V. cholerae,
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discontinuously distributed.
Determination of geographic structure in the ﬂexible genome
is complicated by the vast diversity of genes circulating in and out
of genomes (3), so relative rates of diversiﬁcation can currently
not be determined from the available genomic and metagenomic
data. Moreover, most genomic islands are found only in a small
proportion of natural isolates or occur as singletons (6), making
direct comparisons of strains intractable. Quantitative analysis of
their variation would also be extremely difﬁcult, as there is no
consistent unit to measure change. The integron, on the other
hand, has several characteristics making it a well-suited model
system to study the ﬂexible genome. It universally occurs in
V.choleraeandalsorepresentsthelargestandmostrapidlychang-
inggenomicislandinthisspecies(6,13).Itsroleistofacilitatethe
acquisitionandexpressionofgenecassettesinacontiguousarray,
whichcancontainfrom100to200genes,representingupto3%of
the genome (6, 13). Gene cassettes are ﬂanked by conserved attC
repeats(14),whichcanbetargetedfortheirampliﬁcationbyPCR,
regardless of the genes they contain. Using this approach, we ob-
tained an average of 65 nonidentical cassettes per isolate (2,900
cassettes from 45 isolates).
In contrast to the core genome, the integron displays strong
geographical differentiation, apparently caused by recent gene
transfer among cooccurring bacteria. Phylogenetic analysis of
gene cassettes found in all three biogeographic groups revealed
that cassettes from the V. cholerae (USA) group cluster with those
from V. metecus (USA) up to 2 times as often as they do with
cassettesfromgeographicallydistinctV.cholerae(BGD)(Fig.3A).
Thisbiasisstatisticallysigniﬁcant,asdemonstratedbytheanalysis
of relative transition rates between the different biogeographic
groups along the branches of gene cassette trees (see Fig. S1 in the
supplemental material). Consequently, cooccurring V. cholerae
and V. metecus from the United States have more overlap in the
composition pan-genome of their gene cassette pools than either
ofthemhaswithgeographicallyseparateV.choleraefromBangla-
desh.ThiscanbeexpressedbytheChao-Sørensensimilarityindex
(15). When looking at a recent evolutionary time scale (i.e., using
95%DNAsequenceidentitytodeﬁnecassettefamilies),thisindex
is 2-fold higher among cooccurring strains than geographically
separate strains, even if from the same species (Fig. 3B). It de-
creases if longer time scales are used and becomes similar among
all groups when a DNA sequence identity criterion of 75% or
lower is applied (see Table S1 in the supplemental material). This
stronglysuggeststhatcassettesarelocallyexchangedmorerapidly
than they can be dispersed geographically, thus resulting in en-
demic (sub)populations sharing a location-speciﬁc gene pool.
Strikingly,theintegroncomprisesanearlycompletelyseparate
gene pool with regards to the rest of the genome. When using
30%aminoacididentitytodeﬁneproteinfamilies,only2.5%of
families found in gene cassettes are also found in the rest of the
genome,whichdecreasesto1%ifselﬁshelements,suchastrans-
posonsandtoxin-antitoxinsystems,areexcluded(seeTableS2in
the supplemental material). V. cholerae integron gene cassettes
can, in some cases, have noncassette homologs in other bacteria,
highlighting their diverse evolutionary origins. However, within
the species, there seems to be almost no movement between the
cassette and noncassette gene pools. This is further supported by
the GC content of gene cassettes, which is markedly lower than
thatofothergenesfromthesamegenome(1%ofgenecassettes
have a GC content of 45%, while 88% of noncassette genes
do). Therefore, in addition to showing different dispersal proper-
ties, the integron and core genome have been genetically segre-
gated over long periods of time. The source of segregation is not
known, but if the integron genes confer environment-speciﬁc ﬁt-
ness,theirtransferintothecoregenomemightbeselectedagainst
since the genes may be disadvantageous under different environ-
mental contexts (16).
How quickly does the integron have to change to allow evolu-
tion of endemicity relative to that of the core genome? Compari-
son of integron gene cassette compositions scaled against core
genome divergence shows that the integron is completely reshuf-
ﬂedbythetime1%nucleotidedivergencehasaccumulatedincore
genes (i.e., the similarity between two integrons is equivalent to
the similarity between two randomly selected sets of gene cas-
settes)(Fig.4).However,thetruerateofchangeisprobablymuch
higher,asindicatedbythefewavailableV.choleraegenomesiden-
tical at six or more housekeeping loci, which can still differ signif-
icantlyintheirintegrons(Fig.4).Infact,rapiddifferentiationcan
occur by the gain or loss of dozens of cassettes in a single recom-
bination event (17). Such rapid change may be triggered by envi-
ronmental stressors, such as UV light, oxidative damage, and an-
tibioticexposure,sincethesehaverecentlybeenshowntoincrease
the activity of the V. cholerae integron integrase and thus the rate
of cassette acquisition or loss (18). This sensitivity might predis-
pose integrons to adaptation to rapidly changing environmental
factors,sincecassettesareimmediatelyexpressedafterintegration
and do not disrupt the host genome.
If rapid change in integron gene cassette content is adaptive,
what type of environmental challenges may the gene cassettes
meet? Studies of gene cassettes recovered from a variety of organ-
isms have shown that they can encode a broad range of functions
(19). However, the functional proﬁle of the gene cassette “pange-
nome” from a single species has never been determined, as this
requires an extensive and phylogenetically speciﬁc data set. From
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FIG 3 Similarity in integron cassette families among three biogeographic
groups. Phylogenetic comparison (A) and Chao-Sørensen index (B) show-
ing that geographically cooccurring V. cholerae and V. metecus are more
similar to each other than to geographically distinct V. cholerae. For the
phylogenetic comparison, phylogenetic trees for all 54 gene cassette families
occurringinallthreebiogeographicgroupswerecreated.Theproportionsof
cladesgroupinganytwoofthesethreebiogeographicgroupswerecountedif
theirbootstrapsupportwas80%.Whenmultiplenestedcladescouldhave
been counted, only the most inclusive clade was. The Chao-Sørensen index
calculates the similarity of two samples corrected for bias due to incomplete
sampling (15). When calculating the index, cassette families were deﬁned as
having 95% sequence similarity to account for recent gene transfers (see
Table S1 in the supplemental material for additional sequence similarity
cutoffs). All index values in this analysis had a 3% conﬁdence interval.
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bled, only 25% of genes can be assigned to broad functional cate-
gories,andafewfunctionsclearlydominateamongthosethatcan
be annotated (Table 2). The ﬁve most abundant protein super-
families, and most of the less abundant ones, are related to one of
threefunctions:(i)cellenvelopemodiﬁcation,(ii)secondaryme-
tabolite production/modiﬁcation, or (iii) stress response. Impor-
tantly, all of these categories can have a signiﬁcant and rapid im-
pact on ecological ﬁtness in both environmental and clinical
settings, as their function suggests a role in organismal interac-
tions, e.g., a role in adapting strains to cohabitation with different
populationsoforganisms.Forexample,cassette-encodedplasmid
Achromobactersecretion(PAS)factors(thoughttofacilitatetoxin
secretion)andcapsularpolysaccharidebiosynthesisproteinshave
been directly implicated in virulence (20) but could also make
cells more resistant towards increased protozoan grazing
pressure (21). Similarly, antibiotic resistance carried by acetyl-
transferases, vicinal oxygen chelate superfamily proteins, and
LD-carboxypeptidasesmayensuresurvivalinbothclinicalanden-
vironmental settings. The overrepresentation of lipid-binding
lipocalins and LD-carboxypeptidases in the gene cassettes of clini-
cal V. cholerae compared to that in the gene cassettes of environ-
mental isolates suggests that these genes could facilitate coloniza-
tion/infection (see Table S3 in the supplemental material).
Consistent with the suggestion that an important role of the ﬂex-
ible genome lies in changing cellular properties as protection
againstvirusattack(22,23),thefunctionalpredictionsofcassette-
carried genes indicate broad adaptation towards predatory and
competitive interactions.
Overall,theseobservationsaddanim-
portantdimensiontohowmicrobialspe-
cies may succeed globally by adapting lo-
cally. The core genome, which overall
appears to be well mixed geographically,
is responsible primarily for exploitation
of metabolic resources, which can be dis-
tributed on global scales. For example,
V. cholerae associates with copepods (24)
and possesses the ability to digest chitin
(25, 26). Additional metabolic capabili-
ties can be acquired via horizontally
transferred genes (27) and can be en-
riched in local populations (28, 29). In
contrast, the integron represents a gene
pool, which appears to be designed for
rapid differentiation, never reaching ﬁx-
ation within populations. In fact, it is the
main (and sometimes only) source of ge-
netic difference between pandemic
strains of V. cholerae (6) and thus may
diversify on ecological time scales, i.e., as
strains are dispersed into new locations.
Because its genes are efﬁciently shared
among cooccurring species, the integron
displays a high level of endemicity.
Several factors could be contributing
to this surprisingly efﬁcient gene sharing
acrossspeciesboundaries.Althoughgene
cassette transfer has been empirically ob-
served to be limited by the genetic dis-
tance between the donor and the host (30), the capacity of some
integron integrases, such as that from V. cholerae, to recognize a
broad range of attC recombination sites could explain the appar-
ent lack of a genetic barrier between V. cholerae and V. metecus
integrons (14). Furthermore, two vectors facilitating the penetra-
tion of novel DNA into V. cholerae cells are likely to contribute to
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FIG 4 Rapid decay of integron similarity as V. cholerae strains diverge in “core” genes. Integron and
core gene similarities are measured as the proportion of all gene cassette families (deﬁned by 90%
nucleotideidentity)sharedbypairsofisolatesandasnucleotidesequenceidentityatsixprotein-coding
housekeeping loci among the same pairs, respectively. Because integron data combine whole-genome
sequences and PCR-based gene cassette sampling, a control for the expected shared portion of gene
cassettes between identical integrons was included. This is based on random subsamplings of 65 gene
cassettes, corresponding to the average number of cassettes available for isolates in this study.
TABLE 2 Comparison of the functional classiﬁcations of cassette- and
noncassette-encoded proteins from V. cholerae isolates
Functional classiﬁcation
Value for:
Genome Cassette
Total no. of proteinsa 3,441 3,441
No. of nonclassiﬁed proteins 871 2,587
No. of classiﬁed proteins: 2,570 854
GCN5-related N-acetyltransferases 15 404
Toxin-antitoxin systems 1 111
Vicinal oxygen chelate proteins 4 105
Nudix hydrolases 3 81
Isochorismatase-like amidohydrolases 2 26
ATP-independent intracellular proteases 2 11
OsmC organic hydroperoxide reductases 0 10
NAD(P)-binding redox proteins 13 9
Retron-type reverse transcriptases 2 8
Sulfate-binding proteins (Sbp) 0 7
Alpha/beta hydrolase folds 0 6
Those in other classiﬁcations 2,527 76
a All V. cholerae cassettes from this study and from public databases were included.
Noncassette-encoded proteins have been randomly sampled from all nonclonal
V. cholerae genomes (minus their integrons) to match the number of available cassette-
encoded proteins.
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chitin-inducednaturalcompetence,makingenvironmentalDNA
available to them for recombination (31). Second, conjugation
between V. cholerae cells, besides providing novel DNA to the
recipient, has been shown to induce the SOS response, which in
turn is known to increase the rate of gene cassette insertion in
integrons (32). As gene acquisition by integrons is directly stimu-
lated by various environmental stresses which trigger the SOS re-
sponse (18), the types of genes being shared by these genetic ele-
ments may be adaptive towards local environmental challenges,
whether they stem from interactions within microbial communi-
ties in coastal New England or an antibiotic regime in a clinic.
MATERIALS AND METHODS
Strain isolation and typing. Three 1-liter water samples were collected
fromOysterPond(Falmouth,MA,U.S.eastcoast)onthreedifferentdays
in October 2006. The water temperature was 20°C, and the salt concen-
trationwas5ppt.Five-milliliteraliquotsofthewatersampleswereﬁltered
on hydrophilic 0.22-m-pore-size membranes (Pall Scientiﬁc). The ﬁl-
ters were placed on thiosulfate citrate bile salts sucrose (TCBS) plates
(Difco).After2daysofgrowthat30°C,sucrose-positive(yellow)colonies
were counted, and several were restreaked a total of three times alternat-
ingly on tryptic soy broth (TSB) (Difco) and on TCBS media. The ability
toutilizesucroseisfoundonlyinafewspeciesofvibrios,includingVibrio
cholerae, and produces yellow colonies on TCBS media. Environmental
V. cholerae strains from the Dhaka Delta, Bangladesh, were a gift from
Shah Faruque (ICDDR, Dhaka, Bangladesh) (33).
For typing of strains by sequencing, isolates were grown in TSB over-
night.DNAwasextractedusingeitheratissueDNAkit(Qiagen)orLyse-
and-Go (Pierce). The 16S rRNA gene was PCR ampliﬁed using primers
27F-1492Randsequencedusingthe27Fprimer(34).The16SrRNAgene
sequence was used to identify the organism using the RDP classiﬁer (35)
and BLAST (36). Strains identiﬁed as V. cholerae were selected for further
analysis.Followingtherationaleofmultilocussequenceanalysis(MLSA),
housekeeping genes were used for strain characterization since these are
unlikely to be under environmental selection (37). Fragments of the six
following genes were partially ampliﬁed using primers matching most
Vibrio species: malate dehydrogenase (mdh), 452 bp (Mdh.for, 5=-GAT
CTG AGY CAT ATC CCW AC-3=, and Mdh.rev, 5=-GCT TCW ACM
ACY TCR GTA CCC G-3=); adenylate kinase (adk), 463 bp (Adk.for,
5=-GTA TTC CAC AAA TYT CTA CTG G-3=, and Adk.rev, 5=-GCT TCT
TTA CCG TAG TA-3=); DNA gyrase subunit B (gyrB), 713 bp (GyrB_
VFmod.for, 5=-CGT TTY TGG CCR AGT G-3=, and GyrB.rev, 5=-TCM
CCY TCC ACW ATG TA-3=); recombinase A (recA), 618 bp (recA.for,
5=-TGG ACG AGA ATA AAC AGA AGG C-3=, and recA.rev, 5=-CCG
TTA TAG CTG TAC CAA GCG CCC-3=); glucose phosphate isomerase
(pgi), 437 bp (Pgi_primo.rev, 5=-CMG CRC CRT GGA AGT TGT TRT-
3=, and Pgi_primo.for, 5=-GAC CTW GGY CCW TAC ATG GT-3=); and
RNA polymerase subunit B (rpoB), 910 bp (CM32b, 5=-GGA ACT GCC
TGA CGT TGC AT-3=, and 1110F, 5=-GTA GAA ATC TAC CGC ATG
ATG-3=). The primers used for the ampliﬁcation of mdh, recA, rpoB, and
adk have been tested for the typing of Vibrio isolates in previous studies
(38–41). The primers targeting pgi and gyrB have been developed in this
studyandcanreliablyamplifytheirtargetgenesnotonlyfromV.cholerae
and V. metecus but also from most Vibrio species. All genes in our MLSA
schemewereampliﬁedusingthefollowingPCRconditions:2minat94°C,
followed by 32 cycles of 1 min each at 94°C (adk, 46°C; pgi, 40°C; mdh,
42°C;gyrB,52°C;recA,52°C;andrpoB,50°C)and72°C,withaﬁnalstepof
6 min at 72°C. Genes were sequenced at least twice using the forward and
reverse primers. All sequencing was performed at the Bay Paul Center at
the Marine Biological Laboratory, Woods Hole, MA.
Ampliﬁcation and sequencing of gene cassettes. Gene cassettes were
obtained from ﬁfteen strains of each biogeographical group (V. metecus
from the U.S. east coast, V. cholerae from the U.S. east coast, and V. chol-
erae from the Dhaka Delta, Bangladesh). Cassettes were ampliﬁed by tar-
geting the conserved attC sites ﬂanking them, an approach termed gene
cassette PCR (13). The primers used were developed to speciﬁcally target
V. cholerae attC sites, as follows: HS721, 5=-AGC CCC TTA RSC GGG
CGT TA-3=, and HS722, 5=-TCC CTC TTG ARS CGT TTG TTA-3= (17).
ThePCRconditionsusedwere1cycleof80°Cfor2min;30cyclesof94°C
for 30 s, 50°C for 30 s, and 72°C for 90 s; and 1 cycle of 72°C for 10 min.
PCR products ampliﬁed from each isolate were separately cloned in the
TOPO TA vector (Invitrogen), yielding 45 gene cassette clone libraries. A
total of 96 clones from each library were sequenced twice. Identical se-
quences obtained from the same isolate were eliminated so that all cas-
settes recovered from the same strain had unique sequences. This yielded
an average of 65 unique gene cassette sequences for each of the 45 isolates
(total of 2,908 sequences).
Phylogenetic and phylogeographic analysis of core genes. The 16S
rRNA gene and all six housekeeping loci sequenced from V. cholerae and
V. metecus isolates in this study, as well those available from other closely
related strains in GenBank, were individually aligned using MUSCLE
(42).Allhousekeepinglocialsowereconcatenatedtoobtainanalignment
of 3,593 bp. The average, minimum, and maximum percent identities
between different biogeographical groups of strains were calculated from
the concatenated alignment using the pairwise distance option in PAUP*
4.0(SinauerAssociates)(Table1).Maximumlikelihood(ML)nucleotide
phylogeny was performed for each gene alignment (Fig. 2) as well as for
the concatenated alignment using RAxML (43) (Fig. 1). All free model
parameters were estimated by RAxML using the GAMMAP-Invar
model of rate heterogeneity, with an ML estimate of the alpha parameter.
Bootstrap support values were calculated with the same parameters (100
replicates).
A subset of the strains shown in Fig. 1 were selected to compare the
geographicalstructuresofthecoregenesandintegroncassettes.Thissub-
setwasselectedtomaximizegeneticdiversitywithineachbiogeographical
group and to ensure that each group was equally represented in the data
set. This was achieved by including only environmental V. cholerae and
V. metecus strains from Bangladesh (BGD) or the U.S. east coast (USA),
displaying less than three identical alleles out of the six housekeeping loci
sequenced. The total number of cassettes from each biogeographical
group was roughly equal (V. cholerae [USA], 742 cassettes; V. metecus
[USA], 746; V. cholerae [BGD], 750).
Phylogeographicanalysisofcoregenes(Fig.2)wasperformedforeach
of the six housekeeping genes by building all possible tree quartets made
by joining pairs of cooccurring isolates, as described in Results and Dis-
cussion.Thepercentageofstructuredquartetssupportingtheglobalmix-
ing or local structure hypothesis between the two populations was calcu-
lated for each gene. Structured quartets have a bifurcating maximum
likelihoodtopology,asopposedtounstructuredquartets,whicharemul-
tifurcating. This was done for V. cholerae from both of the geographic
locations and for cooccurring V. cholerae and V. metecus.
Analysis of gene cassette phylogenetic trees. To analyze the geo-
graphical structures of the V. cholerae and V. metecus gene cassette pools,
we chose the same set of strains used for phylogeographic analysis (i.e.,
environmental isolates from the Dhaka Delta, Bangladesh, and the U.S.
east coast having less than three identical alleles out of the six housekeep-
inglocisequenced).Allgenecassettespresentinthisdatasetweregrouped
into families, in which each member shares at least 80% nucleotide iden-
tity with all other members of the family. Fifty-four gene cassette families
harbored at least one cassette from each of the three biogeographical
groups under study (V. metecus from the United States, V. cholerae from
the United States, and V. cholerae from Bangladesh). For these cassette
families,asequencealignmentandphylogenetictree(usingMUSCLEand
RAxML,asdescribedabove)werecreatedandsubsequentlyinspectedfor
cladescontainingonlycassettesfrom(i)V.cholerae(USA)andV.metecus
(USA), (ii) V. cholerae (USA) and V. cholerae (BGD), and (iii) V. metecus
(USA) and V. cholerae (BGD). Nested clades of the same type were col-
lapsed in order to account for only the largest bipartitions that joined the
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80% was counted across all 54 trees, and the proportion of the three
different types of clades was compiled (Fig. 3A).
To investigate the frequency of gene cassette movement among three
biogeographical populations (V. cholerae from the United States, V. chol-
erae from Bangladesh, and V. metecus from the United States), we ana-
lyzed the rates of gene cassette transition among these populations along
thebranchesofthetrees.Thiswasdoneusinganapproachmuchlikethat
used for the estimation of nucleotide substitution rates in phylogenetic
analysis (44), but using biogeographical groups as character states rather
than the four nucleotide types. We computed the matrix of transition
rates that best describes the distribution of the three populations at the
tips of the 54 gene trees, using a maximum likelihood approach (see
Fig. S1 in the supplemental material). Since the trees are unrooted, we
used a symmetric model for the rate matrix. With rates being relative, we
arbitrarily ﬁxed the V. cholerae (USA)-V. metecus (USA) rate to 1.0 and
optimized the remaining two parameters, V. cholerae (USA)-V. cholerae
(BGD) and V. metecus (USA)-V. cholerae (BGD). Optimization was per-
formed through the phangorn phylogenetic package for R (K. Schliep,
personalcommunication),usingapartitionmodelinwhichonepartition
consists in exactly one gene tree. Conﬁdence intervals were estimated by
optimizingtheratematrixfor100replicatedatasetsof54trees.Replicate
data sets were built by randomly picking 1 tree among 100 bootstrapped
trees for each of the 54 gene families. For numerical reasons and to avoid
instabilities, zero-length branches were set to a length of 1  10E5.
Determination of gene cassette pool similarity. The Chao-Sørensen
index (15) was used to determine the similarity of the gene cassette pools
of the three biogeographical groups investigated (Fig. 3B). This index is a
modiﬁcation of the Sørensen index, corrected for bias due to incomplete
sampling. It represents the probability that two randomly chosen cassette
families, one from each of the two samples considered, are cassette fami-
lies present in both samples. Cassette families were deﬁned at different
DNA sequence identity thresholds (75% to 95%, with 5% intervals), in
whicheachmembersharesDNAsequenceidentityequaltoorhigherthan
the threshold with all other members of the family. The Chao-Sørensen
indexwascalculatedusingSONS1.0(45)foreachofthesecassettefamily
deﬁnitions among V. cholerae (USA)-V. metecus (USA), V. cholerae
(USA)-V. cholerae (BGD), and V. metecus (USA)-V. cholerae (BGD) (see
Table S1 in the supplemental material).
Pairwise comparison of isolates for their integron and core gene
similarity.AllV.choleraeisolatesfromthisstudyorfrompublicdatabases
(for which housekeeping loci and integron gene cassette sequences were
available)wereselectedforpairwisecomparisonofintegronandcoregene
similarity (Fig. 4). Both comparisons were done using the PAUP* 4.0
software(SinauerAssociates).Integronsimilarityisdeﬁnedas100(the
number of gene cassette families found in both isolates being compared/
the number of gene cassette families found in either of the two isolates
being compared). Core gene similarity is deﬁned as the percent DNA
sequenceidentityamongsixprotein-codinghousekeepinglocioftheiso-
lates being compared (mdh, adk, pgi, gyrB, recA, and rpoB). Because inte-
gron data combine whole-genome sequences and PCR-based gene cas-
sette sampling, a control for the expected shared portion of gene cassettes
in identical integrons was included. This is based on random subsam-
plings of 65 gene cassettes, corresponding to the average number of cas-
settes available for each isolate.
Comparisonofthegenecomplementsofthegenomesandintegrons
of V. cholerae. All publicly available closed and draft quality V. cholerae
genomes were obtained from GenBank, and their integron gene cassette
arrayswerelocated.Allgeneslocatedingenecassetteswereremovedfrom
the genomes, yielding a total of 35,150 noncassette-encoded proteins. All
publicly available V. cholerae gene cassettes were downloaded from the
ACID database (46) and combined with those obtained from this study,
yielding a data set containing 3,441 cassette-encoded proteins. The over-
lapbetweenthetwodatasetswasdeterminedusingMG-DOTUR,withan
operationalproteinfamilydeﬁnitionof0.30(OPF0.30)(47)(seeTableS2
in the supplemental material). This deﬁnition means that the BLAST
score ratio between two proteins has to be 0.30 or higher for them to be
considered part of the same family (30% amino acid identity, corrected
for length).
Todeterminethefunctionaloverlapbetweencassetteandnoncassette
genes(asopposedtothesimpleidentiﬁcationofproteinfamiliesfoundin
both data sets described above), 3,441 proteins were randomly sampled
from V. cholerae genomes that had their integron removed and had less
than three out of six housekeeping loci (adk, gyrB, recA, rpoB, pgi, and
mdh) identical in sequence. The size of this sample of noncassette-
encoded proteins is equivalent to the size of the V. cholerae cassette-
encoded protein data set. The functional proﬁles of these two data sets
were compared using MG-RAST (48) (Table 2).
Functional analysis of gene cassettes from V. cholerae and V. mete-
cus.AllV.choleraeandV.metecusgenecassettesobtainedfromthisstudy
and those publicly available were functionally annotated using the MG-
RAST server (48). For each protein superfamily detected, the total num-
ber of member proteins and protein families (OPF0.30) was determined.
The origins of the proteins from the most abundant superfamilies were
inspected to determine if they were from clinical or environmental iso-
lates. The distribution of proteins from a given superfamily was consid-
ered biased when a category (clinical/environmental) was signiﬁcantly
overrepresentedinaproteinsuperfamilyinrelationtotherepresentation
of that category in the whole data set (see Table S3 in the supplemental
material).
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